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Abstract. Level densitiesand radiative strengthfunctionsin 1”1Yb and 1"°Yb nuclei have been measuredwith the
1"yp(3He2He ) "1 Yb and 11 Yb(®He,a)17°Yb reactions A simultaneousieterminatiorof the nuclearlevel density
andtheradiative strengthfunctionwasmade Thepresentlataaddsto andis consistentvith previousresultsfor severalother
rareearthnuclei. Themethodwill bebriefly reviewedandtheresultfrom theanalysiswill bepresentedTheradiative strength
functionfor 171 Yb is comparedo previously publishedwork.

INTRODUCTION

Nuclearlevel densitiesandradiative strengthfunctionsareimportantinputsfor calculationsof nuclearreactionrates.
Much of nucleardensitydatais available from countingof low-lying levels. With increasingexcitation enepy, the
level densitybecomedarge andindividual levels are no longerresohable [1]. Anotherbasisof level densitydata
comesfrom nuclearresonancespacingsat or above the nucleonbinding enegy [2]. Betweenthesetwo excitation
enegy regions,relatively little is known aboutnucleadevel densities.

A major part of the information on radiative strengthfunctionscomesfrom the photoabsorptiorcrosssection
measurementf3]. High enegy ~ transitionswith E, ~ 10 — 15 MeV are dominatedby the giant electricdipole
resonanc€GEDR). Althoughtheelectricdipoletransitionstrengthsarewell studiedin thevicinity of the GEDR,the
behaior at E, < B, is notwell determined4]. Experimentatiataonthe M1 strengthfunctionis muchscarcethan
for the E'1 strengthfunction. A recentexperimentaltechniquedevelopedby the Oslo Cyclotron Groupallows one
to determindevel densitiesand radiative strengthfunctionssimultaneously5, 6]. The advantageof this methodis
thatit providesdataon nuclearlevel densitiesandradiative strengthfunctionsin regionswherethereis scarcityof
dataandfew experimentaimeansavailable. The disadwantagds thatthe level densityandradiative strengthfunction
are coupled.The discretestatesthe resonancepacingand capturedataare neededor normalization.This method
is commonlyreferredto asthe Oslo method.It hasbeenprovento work well in heavy massnucleiandis currently
beinginvestigatedn othermassregions. The presenipaperreportson resultsfrom a !”'Yb 4+3He experiment.The
Oslo methodandthe experimentalset-uparebriefly discussedfollowed by a brief descriptionof level densitiesand
radiative strengthfunctions.Resultsfrom the analysisof the presentmeasurementrepresentednddiscussedn the
lasttwo sections.

METHOD

The experimentwas carried out at the Oslo Cyclotron Laboratory (OCL) using a 45 MeV 3He beam. The
self-supporting'”'Yb target had a thicknessof 1.6 mg cm~2. The two reactions'!”'Yb(®*He 2He'~)'"'Yb and
171Yb(*He o) °Yb were the focus of the experiment.Particle-y coincidencedor 170171 Yb were detectedusing
the CACTUSmultidetectorarray The chagedparticlesweremeasuredvith eight Si particletelescopeglacedat 45°



with respecto the beamdirection.Eachtelescopeconsistsof a front Si AE detectoranda back Si(Li) E detector
with thicknesse440and3000um, respectrely. An arrayof 28 collimatedNal ~-ray detectorswith a total coverage
of ~ 15% of 47 surroundghe target. In additionthreeGe detectorsvere usedto estimatethe spin distribution and
determinaheselectvity of thereaction.Thetypical spinrangeis I ~ 2 — 6F.

Reactionkinematicsare usedto transformparticleenegy to nuclearexcitationenegy. For eachexcitationenegy
total cascadey-ray spectraare obtainedfrom the coincidencemeasuremeniThe y-ray spectrumis unfoldedusing
theresponcenatrix [6]. The-~y-ray spectruncontainingonly thefirst v raysemittedfrom a givenexcitationenegy is
calledthefirst-generatiorspectrumFor eachexcitation enegy window, the correspondindirst generatiorspectrum
is obtainedusingtheextractiondescribedn ref. [7]. A matrixis formedwhoseentriesaretheprobabilitiesP (E,, E.,)
thata y-ray of enegy E, is emittedfrom excitationenegy £.

The probability of v decayis proportionalto the productof the v-ray strength(i.e., the radiatve transmission
coeficient F(E,)) andthelevel densityp(E, — E, ) atthefinal enegy E, — E,

P(E,,E,) x F(E,)p(E, — E), 1)

This factorizationis the generalizedorm of the Brink-Axel hypothesig8, 9]. Thefunctionsp and F' aredetermined
by aniterationprocedurdn the Oslo method[5]. The goal of theiterationis to determinethesetwo functionsat N
enegies(thus2N values)the productof thetwo functionsis known atroughly N2 datapoints.The globalizedfitting
to the datapointsdetermineghe functionalform for p and F' [5]. With the functionalform availableone determines
the absolutevaluesfor p and F' by comparisorwith otherexperimentaldata.Thelevel densityp is determinedrom
the nucleargroundstateup to ~ B,,—1 MeV where B,, is the neutronbinding enegy. The radiative transmission
coeficient F is obtainedrom E, ~ 1 MeV to aroundB,, MeV.

LEVEL DENSITY AND RADIATIVE STRENGTH FUNCTION

Thelevel densityat low excitationenegy in the final nucleusis small and experimentaimeasurementsf low-lying
levelsareavailablefor moststablenuclei.Figurel shavs the level densityat low excitationenegy determinedrom
the presentexperimentaldatacomparedo the discretelevelslisted in the Table of Isotopeq10]. The agreements
goodupto E ~ 1.5 MeV. Above this enegy the two resultsdiffer becausehereis limited informationon discrete
levelsat higherexcitationenengy. The presenexperimentprovidesnew resultsfor the averagelevel densityfor £ >
1.5 MeV. Comparisorat low excitation enegy is usedto fix the absolutevalue of the dataat the low-enegy end.
The level densityat B,, determinedrom neutronresonancespacingss employed asa normalizationpoint at the
high-enegy endof our measurement.

The~-ray transmissiorcoeficient F'( E, ) in Eq. 1 is expressedn termsof asumof all the~y-ray strengthfunctions
fx of multipolaritiesX L

F(E,) o< Y E* 7 fxp(E). @
XL

The averageradiative width of neutronresonancesl’,,) at the neutronbinding enepy is usedto normalizeF'(E,).
Oneassumeshat the experimentalvalue of (I',) hascontributionsfrom I+ 1/2, whereI is thetargetspinin the
weightingfactorthatdetermineshenormalizatiorto F'(E,) [11].

It is assumedhatthe v-ray strengthis dominatecby dipole transitions.The Lorentziangiantelectricdipole reso-
nance(GEDR)andthe Kadmensl-Markushe&-Fuman(KMF) modelsareemployedfor the E1 strength According
to the Brink hypothesisvhich assumeshatpropertiesof the GEDRbuilt on excited statesareequalto thosebuilt on
thegroundstate the GEDR canbe expresseds

__ 1 om Byl
3n2h’c? (B — Efy)* + BT,

[E1(Ey) 3)

whereog1, I'g1, and Eg, arethe crosssectionwidth, andthe centroidof the GEDR determinedy photoabsorption.
In the KMF model[12], the LorentzianGEDR is modifiedin orderto reproducehe non-zerotail of the GEDR for
E, — 0 by meanof atemperaturelependentvidth of the GEDR.The E1 strengthin the KMF modelis givenby

1 070p D%, (E2 +47°T?)
3m2h2c2 Epi(E2 - E%)? ’

fe1(Ey) = (4)
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FIGURE 1. Thelevel densityof 170Yb (datapoints)comparedo thatobtainedrom the Tableof Isotopeghistograms).

whereT = /U/a is thenucleartemperaturel/ is theeffective excitationenegy, anda is the Fermigaslevel density
parametefThewidth of the GEDRis a sumof enegy andtemperaturelependenparts

r
D1 (Ey,T) = - (B2 +47°T?). (5)
EEI
The giantdipole resonancés split into two partsfor deformednuclei. Therefore a sumof two strengthfunctionsis
used.

Two differentdescription®f M1 strengthareconsideredn comparisorwith data.Thefirstis Weisslopf'sadjusted
single particlemodel,wherethe M1 strengthf,,; is independenof v-ray enegy andits valueis determinedrom
theratio far1/ fe1 at E, = 7 MeV [13]. Thesecondnodelfor fy; is theLorentziangiantmagnetiadipoleresonance
(GMDR) givenby
1 o By T3y
- 3mn’e (B = Bip)*+ E3TRy,

For severalrare-eartmuclei,ananomalousesonancstructures obsenedin theradiative strengthifunction. These
are similar to the giant resonancesut with smallerwidth [11, 14]. This structureis often referedto asa pygmy
resonanceThe electromagneticharacterof this structureis currently underinvestigation.ln orderto reproduce
experimentalresultswherethis structureis evident, anotherLorentziancenteredat £, with width I',, andcross
sectionoy,, is usedin additionto the GEDRandGMDR describedhbove.

fMl(Ev)

(6)



RESULTS AND DISCUSSION

The level densityandstrengthfunctionfor 7°Yb reportedin this paperarenew results.For 171 Yb, thelevel density
andradiative strengthfunctionwereobtainedreviouslyfrom a2 Yb(3He o) ' Yb experimen{11]. Figure2 shavs
thelevel densitiesof 17°Yb and!”! Yb. Datapointsaredrawvn asfull circleswhile level densitiesattheneutronbinding
enegy arerepresentetly emptycircles.Resultsfor bothnucleiareobtainedrom thegroundstateto ~ B,,— 1 MeV.
The solid line is aninterpolationbetweenthe experimentalresultand p evaluatedat B,, usinga back-shifted=ermi
gasapproximatiorfor thelevel density

(E) = exp(2val)
P = R AU 40,

The back-shiftedexcitationenegy U = E — C — A, whereC = —6.6A7°-32 MeV, A is the massnumberandA is
the pairing parameterThe A parameteis estimatedo be A = A, + A, = 1.405 MeV for '"°Yb and A, = 0.319
MeV for 171Yb, following the prescriptionby Dobaczevski et al. [15]. Thelevel densityfor 170Yb is aboutanorder
of magnitudesmallerthanthe level densityfor 17Yb. This is consistentvith a larger shift for the level densityfor
this even-ezennucleus Plateausn the level densitiesaroundE = A may be relatedto nucleonpair breaking.This
signatureof pair breakingis commonlyobsenedin otherrare-earttmuclei[16] aswell asin lighter nuclei[17] studied
by the Oslo method.The theoreticalinterpretatiornthat relatesthe pair breakingwith thermodynamicapropertiess
givenin arecentreview [18].
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FIGURE 2. Thelevel densityof 17°Yb and!"1Yb.

In Figure 3 the ratio of the exponentiallevel densityandthe experimentallevel densityis plottedas a function
of excitationenegy E. Theratio is shavn betweerthe two enegieswherethefit at the low- and high-enegy ends
stoppedFluctuationsaroundthe straightline indicatesdeviation of the obsened level densityfrom the exponential
level density Thereare structuresnearexcitationenegies2, 3.5, and5.2 MeV seenasdeviationsfrom the relative
level densityp(U)/prermi(U) = 1. However, the magnitudeof thesedeviationsis within two o.
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FIGURE 3. Theratio of thelevel densitypredictecby the Fermigasmodelfor 17°Yb andthe experimentalevel density

The normalizedexperimentalradiative strengthfunctionsfor '"9Yb and 7' Yb are shawvn in Figs.4 and5. The
experimentakadiative strengthfunctionsarecomparedo modelcalculationsin Figs.4 and5 the dashedines shav
thetail of the LorentzianGEDR givenby Eg. (3). Thedash-dottedines shov a sumof the KMF E1 strength(4) and
the Weisslopf M/1 estimate The Weisslopf strengthoverestimatesit low E., becauseheratio fas1/fg1 is givenat
E, =~ 7 MeV, thusnot applicableat low E.,. The dottedlines represent sumof the KMF E1 strength(4) andthe
LorentzianM 1 givenby Eq. (6).

Thesolidlinesrepresenafit to the datawith

f=K(fe1+ fu1)+ foy 8

where fg1 and fy1 aregivenby Egs.(4) and(6). Parametersiretaken from referencg13]. The pygmy resonance
foy is addedo thestrengthin 7' Yb wherethereis aclearanomalyin thedata.

Theratio of the experimentaktrengthfunctionandthefit to £ providesa qualitatve view of thefine structurein
the strengthfunction.In Fig. 6 they-ray strengthfunctionratiois plottedasa function of v-ray enegy. A systematic
deviation from the straightline nearE., ~ 3.4 MeV indicatesthatthereis a noticablebumpin the strengthfunction.
Quantitatvely, the parametergor the pygmy resonancareobtainedby includinga Lorentzianfy, to thefit function
(8). The parametersrelistedin Table 1 alongwith resultsobtainedfrom the 12Yb(*He ay)*"! Yb experiment11].
The enegy andwidth of the pygmy resonancén '7'Yb from the two experimentsagreewell. The crosssectionfor
the pygmy resonancérom the 1"2Yb(3He ay) 7! Yb experimentis someavhatlarger.

A similar resonancestructurewas obsened in most of the rare-earthnuclei investigatedby the Oslo method.
However, for 179Yb the strengthfunction haslarger fluctuations. Thereforeit is difficult to concludefrom present
datawhetherthereis a pygmy resonancdor 179Yb. Thus f,, in Eq. (8) is takento be zerofor 17°Yb. The shapeof
the strengthfunction suggestghat the pygmy resonancén 7°Yb may not be describedby a Lorentzianbut could
be split. More experimentalevidenceis necessaryo clarify this issue.Since f,,, in Eq. (8) accountdor the resonant
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FIGURE 4. Theradiative strengthfunctionof 7°Yb. The experimentaldatais fitted (solid line) usinga function given by Eq.
(8) with f,y, = 0 andcomparedo seseralmodels.

TABLE 1. The parametersor the pygmy resonancén 7' Yb obtained
from a previousexperimenf11] andfrom the presentvork

Experiment

Epy Opy
MeV mb

Tpy T K
MeV MeV

Referencdl1]
Present

3.35(6) 0.65(7)
3.53(10) 0.35(6)

0.97(16) 0.34(3) 1.22(10)
1.04(18) 0.31(3) 1.01(4)

structurethe overallnormalizatiorfactor K shouldbeequailto 1. For 171 Yb wherethe pygmy resonancevasfit using
anon-zerof,,, we obtainedk” = 1.01+0.04.However for 17°Yb where f,,, wastakento be zero,the overall factor
K was1.20+0.09.Thefactthatit deviatesfrom 1 is indicative of anadditionalstrengthin theunresohedbackground
(i.e. pygmyresonance)Thetemperaturd” in Eq.(4) is alsotreatedasa freeparameterA fit to the experimentalbdata
yieldsT = 0.42 +0.04 MeV for 1"°Yb and7" = 0.31 £ 0.03 MeV for 171 Yb.

SUMMARY

Thelevel densitiesandradiative strengthfunctionsin '7°Yb and'”' Yb areobtainedromthe'”! Yb 4-3He experiment.
Theobsenredlevel densitieprovide new valuesfor excitationenegiesabove ~ 2 MeV wherethetalulatedlevelsare
incomplete Becausef the large fluctuationsin the radiative strengthof '7°Yb, a pygmy resonancén 17°Yb is not
readilyapparentTheradiative strengthifunctionin 71 Yb exhibits aresonancstructure(pygmy resonanceimilarto
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FIGURE 5. Theradiative strengthfunctionof 7! Yb. The experimentaldatais fitted (solid line) usinga function given by Eq.
(8) andcomparedo severalmodels.The pygmy resonanc@arameteraredeterminedrom thefit.

thatobsenedin previously measurechuclei. The parameter$or this pygmy resonancevereobtainedandcompared
to valuesfrom the'”2Yb(3He o) "' Yb reaction Thereis goodagreemenbetweerthetwo measurements.
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